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Abstract
We study the exclusive decays of B meson into P-wave charmonium states χcJ(J =
0, 1) in the QCD factorization approach with light-cone distribution functions describing
the mesons in the processes. For B → χc1K decay, we find that there are logarithmic
divergences arising from nonfactorizable spectator interactions even at twist-2 order and
the decay rate is too small to accommodate the experimental data. For B → χc0K decay,
we find that aside from the logarithmic divergences arising from spectator interactions
at leading-twist order, more importantly, the factorization will break down due to the
infrared divergence arising from nonfactorizable vertex corrections, which is independent
of the specific form of the light-cone distribution functions. Our results may indicate that
QCD factorization in the present form may not be safely applied to B-meson exclusive
decays to charmonium states.
PACS numbers: 13.25.Hw; 14.40.Gx
Exclusive nonleptonic B-meson decays provide a important opportunity to determine the
parameters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, to explore CP violation and to
observe new physics effects. Recently, B physics has received extensive experimental attention
such as from high-energy experiments at the Tevatron and at the e+e− B factories. On the other
hand, although the underlying weak decay of the b quark is simple, quantitative understanding
of nonleptonic B-meson decays is difficult due to the complicated strong-interaction effects.
Beneke et al. have considered two-body nonleptonic B-meson decays extensively including
light-light as well as heavy-light final states within the QCD factorization approach[1, 2, 3].
The general idea is that in the heavy quark limit mb ≫ ΛQCD, the transition matrix elements
of operators in the hadronic decay B → M1M2 withM1 being the recoiled meson andM2 being
the emitted meson can be calculated in an expansion in 1/mb and αs. The leading term in
1/mb assumes a simple form[2]:
〈M1M2|Oi|B〉=FBM1(m22)
∫ 1
0
du T I(u)φM2(u)+
∫ 1
0
dξ du dv T II(ξ, u, v)φB(ξ)φM1(v)φM2(u), (1)
where M2 is a light meson or a quarkonium and F
BM1 is the B → M1 transition form factor;
φM is meson light-cone distribution amplitude and T
I,II are perturbatively calculable hard
scattering kernels. If we neglect strong interaction corrections, eq.(1) reproduces the result
of naive factorization. However, hard gluon exchange between M2 and BM1 system implies a
nontrivial convolution of hard scattering kernels T I,II with the light-cone distribution amplitude
1
φM2. This method works well for light-light final states[1, 3, 4, 5] as well as heavy-light final
states[2, 6].
Exclusive B-meson decays to charmonium are important since those decays e.g. B → J/ψK
are regarded as the golden channels for the study of CP violation in B decays. It is argued
that because the size of the charmonium is small(∼ 1/αsmψ) and its overlap with the (B,K)
system may be negligible[2], the same QCD factorization method as for B → ππ can be used
for B → J/ψK(K∗) decay. Indeed, explicit calculations[7, 8] show that the nonfactorizable
vertex contribution is infrared safe and the spectator contribution is perturbatively calculable,
where the light-cone distribution functions are used for B, K as well as J/ψ mesons. This
small size argument for the applicability of QCD factorization for charmonia is intuitive and
interesting, but it needs verifying for charmonium states e.g. the P-wave χcJ states other than
the J/ψ. In addition, recently BaBar and Belle collaborations have measured the exclusive
decays of B → χcJK(J = 0, 1)[9, 10]. So, it is also interesting to compare the predictions based
on the QCD factorization approach with the experimental data. In this letter, we report the
problems of the QCD factorization approach encountered in these two decay channels. As in
[7, 8], in the following we will use light-cone distribution functions to describe B, K, as well as
charmonium mesons.
We first consider B → χc1K decay. The effective Hamiltonian is written as[11]
Heff =
GF√
2
(
VcbV
∗
cs(C1O1 + C2O2)− VtbV ∗ts
10∑
i=3
CiOi
)
, (2)
where GF is the Fermi constant, Ci are the Wilson coefficients and Vq1q2 are the CKM matrix
elements. Here the relevant operators Oi are given by
O1 = (sαbβ)V−A · (cβcα)V−A, O2 = (sαbα)V−A · (cβcβ)V−A,
O3(5) = (sαbα)V−A ·
∑
q
(qβqβ)V−A(V+A), O4(6) = (sαbβ)V−A ·
∑
q
(qβqα)V−A(V+A), (3)
O7(9) = 3
2
(sαbα)V−A ·
∑
q
eq(qβqβ)V+A(V−A), O8(10) =
3
2
(sαbβ)V−A ·
∑
q
eq(qβqα)V+A(V−A),
where α, β are color indices and the sum over q runs over u, d, s, c and b. Here (q¯1q2)V±A =
q¯1γµ(1± γ5)q2.
To calculate the decay amplitude, we introduce the χc1 decay constant fχc1 as[12]
〈χc1|c(0)γµγ5c(0)|0〉 = −ifχc1mχc1ǫ∗µ, (4)
where mχc1 is the mass of χc1 and ǫ is the χc1 polarization vector. The decay constant fχc1 is
a nonperturbative quantity and may be estimated from the potential models, the QCD sum
rules, or lattice QCD calculations.
The leading-twist light-cone distribution amplitude of χc1 can be expressed as
〈χc1(p, ǫ)|cα(y)cβ(z)|0〉 = i
4
∫ 1
0
du · ei(up·y+(1−u)p·z)fχc1mχc1(/ǫ∗γ5)βαφχc1(u), (5)
where u and 1 − u are respectively the momentum fractions of the c and c¯ quarks inside the
χc1 meson, and the wave function φχc1(u) for χc1 meson is symmetric under u↔ 1− u.
In naive factorization, we neglect the strong interaction corrections and the power correc-
tions in ΛQCD/mb. Then the decay amplitude at leading order is written as
iM0 = 2ifχc1mχc1ǫ
∗ · pBF1(m2χc1)
GF√
2
[
VcbV
∗
cs(C2 +
C1
Nc
)− VtbV ∗ts(C3 +
C4
Nc
− C5 − C6
Nc
)
]
, (6)
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Figure 1: Feynman diagrams for vertex and spectator corrections to B → χc1K.
where pB is the momentum of B meson, F1 is the B → K transition form factor and Nc is
the number of colors. We do not include the effects of the electroweak penguin operators since
they are numerically small[11].
The form factors for B → K are given as
〈K(pK)|sγµb|B(pB)〉 =
[
(pB + pK)µ − m
2
B −m2K
p2
pµ
]
F1(p
2) +
m2B −m2K
p2
pµF0(p
2), (7)
where p = pB − pK is the momentum of χc1 with p2 = m2χc1, mB and mK are respectively the
masses of B and K mesons. We will neglect the kaon mass for simplicity. We can use the ratio
between these two form factors as[7]
F0(p
2)
F1(p2)
= 1− p
2
m2B
. (8)
So we need only one of the two form factors to describe the decay amplitude.
Taking nonfactorizable corrections in Fig.1 into account, the full amplitude for B → χc1K
in QCD factorization is written compactly as
iM = 2ifχc1mχc1ǫ
∗ · pBF1(m2χc1)
GF√
2
[
VcbV
∗
csa2 − VtbV ∗ts(a3 − a5)
]
, (9)
where the coefficients ai (i = 2, 3, 5) in the naive dimension regularization(NDR) scheme are
given by
a2 = C2 +
C1
Nc
+
αs
4π
CF
Nc
C1
(
−18 + 12 ln mb
µ
+ fI + fII
)
,
a3 = C3 +
C4
Nc
+
αs
4π
CF
Nc
C4
(
−18 + 12 ln mb
µ
+ fI + fII
)
, (10)
a5 = C5 +
C6
Nc
− αs
4π
CF
Nc
C6
(
−6 + 12 ln mb
µ
+ fI + fII
)
,
where CF = (N
2
c − 1)/(2Nc) and mb is the b quark mass.
3
The function fI is calculated from the four vertex correction diagrams (a, b, c, d) in Fig.1
and reads
fI=
∫ 1
0
duφχc1(u)
[3(1− 2u)
1− u lnu− 3iπ + 3 ln(1− z) +
z2(1− u)2
(
ln(1− z)− iπ
)
(1− zu)2
+
2z(1− u)
1− zu +
( 1− u
(1− zu)2 −
u
(1− z(1 − u))2
)
z2u ln(zu)
]
, (11)
where z = m2χc1/m
2
B, and we have already symmetrized the result with respect to u↔ 1− u.
The function fII is calculated from the two spectator correction diagrams(e, f) in Fig.1 and
it is given by
fII =
4π2
Nc
fKfB
F1(m2χc1)m
2
B
1
1− z
∫ 1
0
dξ
φB(ξ)
ξ
∫ 1
0
dy
φK(y)
y
∫ 1
0
duφχc1(u)[
1
u
+
2z
y(1− z) ], (12)
where ξ is the momentum fraction of the spectator quark in the B meson and y is the momentum
fraction of the s quark inside the K meson, φB, φK are the light-cone wave functions for the B
and K meson respectively. fII corresponds to the T
II term in Eq.(1).
The spectator contribution depends on the wave function φB through the integral
∫ 1
0
dξ
φB(ξ)
ξ
≡ mB
λB
. (13)
Since φB(ξ) is appreciable only for ξ of order ΛQCD/mB, λB is of order ΛQCD. We will choose
λB ≈ 300 MeV in the numerical calculations[3].
There is an integral related to φK(y) in Eq.(12) which will give logarithmic divergence.
Therefore QCD factorization breaks down even at leading order. This is different from B →
J/ψK decay which does not have logarithmic divergence at leading twist[7, 8]. The reason is
that the logarithmic divergences arising from contributions of vector and tensor currents are
cancelled out in the B → J/ψK decay, whereas there is no such cancellation for the B → χc1K
decay. Following Ref.[3], we treat the divergent integral as an unknown parameter and write
∫ 1
0
dy
φK(y)
y2
=
∫ 1
0
dy
6(1− y)
y
= 6(XH − 1), (14)
where the asymptotic form φK(y) = 6y(1− y) is used for the kaon twist-2 light-cone distribu-
tion amplitude. And we will also choose XH = ln(mB/ΛQCD)[3] as a rough estimate in our
calculation.
For numerical analysis, we choose F1(m
2
χc1
) = 0.743[13] and use the following input param-
eters:
mb = 4.8 GeV, mB = 5.28 GeV, mχc1 = 3.5 GeV,
fχc1 = 230 MeV, fB = 180 MeV, fK = 160 MeV. (15)
Here for the χc1 decay constant fχc1 we give its expression in the heavy quarkonium potential
model as
fχc1 =
√
18
πm2cmχc1
R′(0), (16)
where R′(0) is the derivative of the χc1 radial wave function at the origin, and we may roughly
estimate its value by using some potential models, e.g. given in Ref.[14].
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C1 C2 C3 C4 C5 C6
NDR 1.082 -0.185 0.014 -0.035 0.009 -0.041
Table 1: Next-to-leading-order Wilson coefficients in NDR scheme (See Ref.[11]) with µ = 4.4
GeV and Λ
(5)
MS
= 225 MeV.
φχc1(u) a2 a3 a5
6u(1− u) 0.1255-0.0815i 0.0040+0.0026i -0.0027-0.0031i
δ(u− 1/2) 0.1154-0.0814i 0.0043+0.0026i -0.0031-0.0031i
Table 2: The coefficients ai at µ = 4.4 GeV with different choices of φχc1(u).
The specific form of the χc1 light-cone distribution amplitude is not known, but as in the
J/ψ case (see [7, 8]) we may use the light meson asymptotic form φχc1(u) = 6u(1 − u) as
an approximate description. In the numerical analysis, we also consider the form φχc1(u) =
δ(u− 1/2), which comes from the naive expectation corresponding to the nonrelativistic limit
of the distribution amplitude. Although there are uncertainties associated with the form of the
distribution function, we will see shortly that the calculated decay rates are not sensitive to
the choice of the distribution amplitude.
Using the next-to-leading-order (NLO) Wilson coefficients in Table. 1, we get the results of
coefficients ai which are listed in Table. 2. With the help of these coefficients ai, we calculate
the decay branching ratios with two different choices of the χc1 distribution amplitude and get
Br(B → χc1K) = 0.97× 10−4, (φχc1(u) = 6u(1− u)); (17)
Br(B → χc1K) = 0.87× 10−4, (φχc1(u) = δ(u− 1/2)). (18)
The measured branching ratio is[9]
Br(B0 → χc1K0) = (5.4± 1.4)× 10−4, (19)
which is about six times larger than the theoretical results.
We now consider the B → χc0K decay. Unlike the χc1 mode that we just analyzed, χc0 does
not have couplings to V or A currents, so this decay mode is prohibited in naive factorization.
But it may occur if there is an exchange of an additional gluon[15, 16]. The branching ratio
from experiment is[10]
Br(B+ → χc0K+) = (6.0± 2.1)× 10−4. (20)
Similar to the calculation performed above, we write the χc0 light-cone distribution ampli-
tude in the following general form
〈χc0(p)|cα(y)cβ(z)|0〉 = i
4
∫ 1
0
duei(up·y+(1−u)p·z)
[
f sχc0mχc01βαφ
s
χc0
(u) + f vχc0(/p)βαφ
v
χc0
(u)
]
, (21)
where f sχc0, f
v
χc0
, φsχc0(u) and φ
v
χc0
(u) denote the χc0 decay constants and light-cone distribution
amplitudes, respectively for the scalar and vector currents. It is easy to see that for the
scalar meson χc0 the decay constants for the vector current and the antisymmetric tensor
current all vanish (i.e., 〈χc0|cγµc|0〉 = 〈χc0|cσµνc|0〉 = 0), and only the scalar current decay
constant is nonzero. Therefore on the right hand side of Eq.(21) only the first term makes a
real contribution and it is essentially the leading twist (twist-3) contribution. However, here
we also list the second term (twist-2) in Eq.(21) in order to show that it would also give an
infrared divergence contribution if the vector current decay constant were nonzero.
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Because of charge conjugation invariance, φsχc0(u) is symmetric while φ
v
χc0
(u) is anti-
symmetric under u ↔ 1 − u. The Feynman diagrams of order αs correction for B → χc0K
are the same as those in Fig.1. In the calculation of χc1, the contribution of the four vertex
diagrams in Fig. 1 is infrared safe. However, we find there are infrared divergences arising from
the vertex diagrams in the B → χc0K decay. Keeping only the divergent terms, we get
VDiv =
αsCF
πNc
iF1(m
2
χc0
) ·
{
mcmχc0f
s
χc0
∫ 1
0
φsχc0(u)du
[
−1
u
lnλ ln z
]
+m2Bf
v
χc0
∫ 1
0
φvχc0(u)du
×
[
− lnλ ln z + (1− z)[ln λ+ 1
2
ln2(
λuz
1− z )− iπ ln(
λuz
1− z )]
]}
, (22)
where z = m2χc0/m
2
B and λ corresponds to the soft gluon momentum cutoff divided by the
charm quark mass. The infrared divergence is explicitly seen as λ→ 0.
The contribution arising from spectator interactions is given by
H =
αsCFπ
N2c
ifKfB
[ mcmχc0
m2B −m2χc0
f sχc0
∫ 1
0
dξ
φB(ξ)
ξ
∫ 1
0
dy
φK(y)
y2
∫ 1
0
du
φsχc0(u)
u(1− u)
+f vχc0
∫ 1
0
dξ
φB(ξ)
ξ
∫ 1
0
dy
φK(y)
y
∫ 1
0
du
φvχc0(u)
1− u
]
. (23)
There are logarithmic divergences even in the leading-twist order. So, soft gluon exchange
dominates B → χc0K decay.
In the above calculations, we have chosen the heavy quark limit as mb → ∞ with mc/mb
fixed. In this limit, the logarithmic divergences in Eq.(12) for B → χc1K decay, and the
infrared divergences in Eq.(22) as well as the logarithmic divergences in Eq.(23) for B → χc0K
decay, will break down QCD factorization. Another choice of the heavy quark limit is that
mb → ∞ with mc fixed. Then all the divergences mentioned above are power corrections and
should be dropped out, so QCD factorization still holds in this limit. Physically, the latter
case is equivalent to the limit of zero charm quark mass in which charmonium is regarded as
a light meson. Obviously, the first choice of the heavy quark limit with mc/mb fixed is more
relevant in phenomenological analyses, and is also usually used in theoretical studies [2, 17],
where it is expected that QCD factorization should apply to B meson exclusive decays into
charmonium in the limit mc → ∞ with corrections of order ΛQCD/(mcαs) ∼ 1. Our result
shows that this expectation holds for decays like B → J/ψK but not for e.g. B → χc0K where
the vertex infrared divergence will break down factorization at order of ΛQCD/(mcαs). It is
also worthwhile to emphasize that the infrared divergences in Eq.(22) are more serious than
the logarithmic divergences in Eqs.(12),(23). This is because, when one includes the parton
transverse degrees of freedom, end-point singularities arising from spectator interactions can be
regularized within the framework of kT factorization [18] and logarithmic divergences can then
be removed. However, the infrared divergences due to nonfactorizable vertex corrections still
exist, and they are independent of the specific form of the light-cone distribution functions.
In summary, we have studied the exclusive decays of B meson into P-wave charmonium
states χcJ(J = 0, 1) in the QCD factorization approach with light-cone distribution functions
describing mesons involved in the processes. For B → χc1K decay, the factorization breaks
down due to logarithmic divergences arising from nonfactorizable spectator interactions at twist-
2 order and the decay rate is too small to accommodate the data. The situation for B → χc0K
decay is even more serious because of the infrared divergence arising from nonfactorizable vertex
corrections as well as logarithmic divergences due to spectator interactions at the leading-twist
order. Considering the above problems encountered in B → χcJK decays and especially the
infrared divergence in B → χc0K decay, we intend to emphsize that the QCD factorization
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method with the present form may not be safely applied to exclusive decays of B meson into
charmonium, e.g. P-wave states. However, it should be noted that our results are obtained
in QCD factorization by using the light-cone distribution functions for charmonium (as in
e.g. refs.[7, 8]), which may not be a very appropriate description for heavy quarkonium. To
further clarify the problem, many theoretical studies such as use of the nonrelativistic QCD for
charmonium, the perturbative QCD factorization method, and the nonperturbative QCD effects
should be attempted. In any case, a better understanding is definitely needed for describing
B-meson exclusive decays to charmonium, and for reducing the big gap between the present
theoretical results and the experimental observations.
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